Grimaldi's recent cladistic classification of genera in the family Drosophilidae, based on adult morphological characters, is evaluated for those taxa for which alcohol dehydrogenase DNA sequences are also available. These data allow us to look at relationships of the Drosophila subgenera Sophophora and Drosophila with the Hawaiian Drosophila (Idiomyia) and with Scaptomyza, when Scaptodrosophila is used as an outgroup. The molecular data give strong support for the broad relationships hypothesized by Throckmorton, who contended that the subgenus Sophophora is a sister group to the remaining ingroup taxa. The Drosophila subgenus Engiscaptomyza, which Throckmorton regarded as intermediate between the Idiomyia (Hawaiian Drosophila) and Scaptomyza, is shown to be much more closely allied with Scaptomyza, in agreement with Grimaldi's results from adult morphology. The Hawaiian taxa, both Idiomyia and Scaptomyza, are firmly located as a sister group to the subgenus Drosophila, and these in turn all form a sister group to the subgenus Sophophora. Grimaldi's classification of these taxa is quite different and places the Hawaiian Drosophila (Idiomyia) as sister group to the remaining ingroup taxa (Scaptomyza and the subgenera Sophophora and Drosophila). Our results show that Grimaldi's new classification of these taxa results in paraphyletic groups, just as does the traditional classification under Throckmorton's interpretation of relationships. Additional data are required to produce a robust classification of this huge paraphyletic genus.
Introduction

Evolutionary
biologists have long been fascinated by the diversity of Drosophila ( Sturtevant 192 1; DeSalle and Gximaldi 199 1) , and, increasingly, molecular geneticists and developmental biologists are using this diversity as a tool to understand evolutionary processes at subcellular and cellular levels. Interspecific comparisons of Drosophila are being used in studies on the evolution of gene structure and function (e.g., see Sullivan et al. 1990 ) and on the distribution and evolution of transposable elements (Daniels et al. 1990; Maruyama and Hart1 199 1; Brezinsky et al. 1992 ). An accurate phylogeny of these flies is therefore of wider interest than simply understanding the relationships of a very interesting group of organisms. This paper discusses the phylogeny of clades of drosophilid flies for which Grimaldi ( 1990) has recently used the following nomenclature:
subgenera Drosophila, Sophophora, and Engiscaptomyza of the genus Drosophila, and the genera Idiomyia and Scaptomyza. As we will show, this classification results in a paraphyletic concept of the genus Drosophila, but Grimaldi's ranks and taxa will nevertheless be used here for their immediate convenience. Of these clades, D. (Drosophila) and D. (Sophophora) are essentially continental, Idiomyia (traditionally known as "Hawaiian Drosophila") and D. (Engiscaptomyza) are endemic to the Hawaiian archipelago, and Scaptomyza are found primarily in Hawaii, with a few species scattered about the rest of the world. Grimaldi ( 1990) has produced a major revision of the genera in the family Drosophilidae, on the basis of an analysis of 2 17 adult morphological characters from 120 representative species. He undertook this study in an effort to construct a phylogenetic classification of the family and to evaluate the phylogenetic hypotheses of Throckmorton, which are the result of internal morphological studies (Throckmorton 1962 (Throckmorton , ' 1966 (Throckmorton , 1975 and which have formed the basis for most discussions on evolution in Drosophila and its relatives.
However, nonmorphological evidence conflicts with Grimaldi's findings. In our analysis of the DNA sequences of alcohol dehydrogenase (ADH; gene Adh) (E.C. 1.1.1.1) genes (Thomas and Hunt 199 1)) we showed that the Hawaiian Drosophila form a monophyletic group that, for the purposes of the present paper, may be less confusingly referred to by the name resurrected by Grimaldi ( 1990) ) " Idiomyia. " We tried to place these flies in context by comparisons with the available sequence data from mainland Drosophila. Although we had no sequence from a known outgroup with which to root our tree, the use of distance measures and a midpoint rooting technique supported the relationships hypothesized by Throckmorton ( 1966 Throckmorton ( , 1975 and are also in general agreement with both an analysis of immunological distances from a larval hemolymph protein (Beverley and Wilson 1982 , 1984 , 1985 and an analysis of 905 bp of mitochondrial DNA (DeSalle 1992a). As a result of Throckmorton's work, the traditional classification of the Drosophilidae (Wheeler 198 1) has long been recognized to contain paraphyletic groups. Grimaldi's ( 1990) results from his analysis of the adult morphology of these taxa are very different ( fig. lb) , and he uses them to propose new generic concepts and a new classification of drosophilid genera, which he claims reflect phylogenetic relationships. Because these two views are almost mirror images of one another, we think it is important to reassess the conflict, by reporting new DNA sequence data. Consequently, we report here the first Adh sequence from a member of the drosophilid genus Scaptomyza, a group that attains its greatest diversity in the Hawaiian Islands, and analyze it along with other available Adh sequence data.
Recently another Adh DNA sequence has become available, for Scaptodrosophila lebanonensis, a drosophilid (Alabat and Gonzalez-Duarte 1990). All lines of evidencemorphological (Throckmorton 1962 (Throckmorton , 1975 Grimaldi 1990 ) and molecular (Beverley and Wilson 1982, 1984; DeSalle 1992b)-indicate that Scaptodrosophila (Grimaldi 1990 ) is well outside a monophyletic genus Drosophila, despite its traditional classification as a subgenus of Drosophila (Wheeler 198 1) . This allows us to use Scaptodrosophila Zebanonensis as an outgroup in our previous analysis (Thomas and were purified by replating and reisolation. The Adh-containing region was subcloned into the chimeric plasmid pZfl8U, and the sequence of the region was determined by dideoxy sequencing of both the plasmid DNA and sequential deletions derived from exonuclease III digestion according to methods described elsewhere (Thomas and Hunt 199 1) . Additional sequences were obtained by PCR amplification using the primers 5 '-TTAGATGCCCGAGTCCCAGTGCT-3
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and
' and 5 '-AGAACAT-CATCTTTGTCGCTGGTCT-3 ' and subsequent cloning by blunt-ended ligation into the SmaI site of plasmid pZfl8U for sequencing. Figure 2 shows the sequence of the three coding exons and of the two internal introns of the Adh gene of S. albovittata, 
GGAGTTCTGGGATAAGCGCAAGGGTGGACCAGGTGGCGTTATTGCCAACATTTGCTCAGT 478 E FWDKRKGGPGGV I A N I c s v139 each. All sequences in this analysis have been deposited into the sequence data bases (table 1) and are also available from the authors.
Primary analyses were carried out by PAUP, version 3.0k (Swofford 1990) , for parsimony and linear invariants, and by PHYLIP, version 3.3 1 (Felsenstein 199 I) , for maximum-likelihood and distance methods. The details of their use will be given below. Base compositions, format conversions, statistical tests of equality of base compositions, and generation of random sequences were done with a program written by one of the authors (R.H.T.). Additional sequence manipulations were done with the sequence editor ESEE (Cabot and Beckenbach 1989 ) .
Results
Tree Topology
A bootstrapped (Felsenstein 1985 ) maximum-parsimony analysis of the full data set is given in figure 3 . Details of the analysis are given in the figure caption. This tree has been rooted by assuming that Scaptodrosophila is the outgroup of the rest. Maximum parsimony applied to unordered characters results in the same tree length regardless of the position of the root (Swofford 1990 Grimaldi's ( 1990) results show the same close relationship of these flies as do the Adh data. We will return to this problem in the discussion. Because these taxa form a clade, we will refer to them collectively as "Scaptomyza/ Engiscaptomyza. " More important for the main argument of this paper is that the parsimony analysis strongly and significantly supports the placement of Scaptodrosophila on the internal branch of the unrooted tree joining the sophophoran species, D. melanogaster and D. pseudoobscura, and the remaining ingroup taxa. An additional 40 substitutions on the most parsimonious tree of 668 steps ( fig. 3 ) are required to move Scaptodrosophila to the internal branch joining Scaptomyza/ Engiscaptomyza and Idiomyia, as hypothesized by Grimaldi ( 1990) .
Differences in base composition
among sequences can bias methods for constructing trees from DNA sequence data (Gillespie 1986 ). Pair-wise x2 tests of the equality of base composition between pairs of species showed that these taxa do not differ among themselves in first-and second-codon-position base composition (P > 0.05) but do in some cases differ significantly in third-base-position usage (Thomas and Hunt 199 1) (table 2). Scaptomyza albovittata is similar to the other Hawaiian species in its third-base composition (P > 0.05 ) but differs from the D. (Sophophora) and D. (Drosophila) species (P -C 0.05). Scaptodrosophila lebanonensis is significantly different only from D. (Sophophora) melanogaster in its third-base usage (P < 0.05 ). To eliminate both any potential bias due to base-composition differences at thirdposition sites and any noise arising from multiple substitutions at these predominantly synonymous sites, we repeated the bootstrapped maximum-parsimony analysis with only first-and second-position sites (total number 508), which are almost wholly nonsynonymous (and thus presumably more subject to selection). The tree topology for the subgenera and genera is the same as for the full data set. Only within the Idiomyia (Hawaiian Drosophila) does the topology differ, and this is not strongly supported, as would be expected for these closely related species analyzed under a more slowly evolving subset of the data. Again the position of Scaptodrosophila on the internal branch joining the sophophorans and the remaining taxa is supported, with the sophophorans again grouping together in 99% of replicates and with the remainder of the ingroup species grouping together in 9 1% of the replicates. An additional 16 substitutions on the most parsimonious tree of 22 1 steps are required to shift Scaptodrosophila to the position hypothesized by Grimaldi ( 1990) .
Though Scaptodrosophila is an outgroup to the rest of the taxa in these analyses, we ask whether its Adh sequence is so diverged from the ingroup taxa as to behave as a random outgroup (Wheeler 1990 )) thus producing an artifactual rooting for the ingroup. On the basis of the average base composition of the variable sites (323) of -Bootstrapped maximum-parsimony tree based on analysis of the full 762-bp A&-sequence data set. The tree was produced with PAUP (Swofford 1990 ) using a branch-and-bound search with "furthest" addition sequence. All minimal length trees were saved (MULPARS), and zero-length branches were collapsed. Numbers on branches are the inferred number of substitutions along the branch (with the number of synapomorphies in parentheses). The numbers on the nodes are the percentage of replicates in which the taxa to the right of the node occur together. This is a bootstrap 50%-majority-rule consensus tree based on 100 replicates. The tree is shown with Scaptodrosophila lebanonensis as an outgroup to root the tree. The "X" indicates the branch where Grimaldi's ( 1990) analysis hypothesizes that the outgroup should root the tree. There are 598 character states distributed over 240 informative characters. The tree is 668 steps long and is the single most parsimonious tree. The next most parsimonious tree is 12 steps longer. The time scale was drawn by assuming a per-lineage synonymous rate of 0.0 15 substitutions/nucleotide/Myr (Rowan and Hunt 199 1) and is the same as that presented by Thomas and Hunt ( 199 1)) with the addition of S. lebanonensis and Scaptomyza albovittata. NOTE.-Drosophila adiastola is included as a representative of the Hawaiian Drosophila (Idiomyia). The Hawaiian Drosophila species are all very similar in their base composition (Thomas and Hunt 1991) . Frequencies at first-and second-base positions do not differ significantly among these species (Thomas and Hunt 199 1).
the ingroup taxa, a random sequence was generated, and the maximum-parsimony analyses were repeated. The random sequence joins the tree on the branch leading to D. (Sophophora) melanogaster and results in a tree 100 steps longer than that observed with Scaptodrosophila lebanonensis as the outgroup. The sequence similarity between the ingroup taxa and Scaptodrosophila is much higher than that with the random sequence, suggesting that it is indeed a good outgroup. The other methods of analysis reported below also support Scaptodrosophila as a good outgroup.
By pruning our tree to a number of taxa for which we can examine all possible trees (i.e., <lo), we can consider in more detail trees near the most parsimonious. The Idiomyia taxa-afinidisjuncta, adiastola, and mimica-were removed from the analysis, to leave a more regularly branching tree with eight taxa. All trees within 5% of the length of the most parsimonious tree of 600 steps were retained. The next most parsimonious tree is 6 12 steps in length. To break the monophyly of the Hawaiian taxa requires an additional 16 substitutions on the most parsimonious tree. None of the 20 trees within 5% of the length of the most parsimonious tree has the outgroup Scaptodrosophila located, as hypothesized by Grimaldi ( 1990) ) within the Hawaiian taxa ( Idiomyia and Scaptomyza / Engiscaptomyza) .
Methods of analysis other than parsimony that are applied to these data all produce the same result. A maximum-likelihood analysis (DNAML; Felsenstein 199 1) of the full data set, where rates of change at the different codon positions are categorized as by Thomas and Hunt ( 199 1) , produces a topology identical to that obtained by maximum parsimony, and this topology is significantly better (P < 0.001) (i.e., has a significantly higher likelihood) than that proposed by Grimaldi ( 1990) . The method of Kishino and Hasegawa ( 1989) was used to calculate the mean and variance of loglikelihood differences between the trees. Similarly, Kimura two-parameter-model (Kimura 1980) pair-wise distances (DNADIST ) were calculated on 100 bootstrap replicates of the complete data set (SEQBOOT), and neighbor-joining trees (Saitou and Nei 1987) were produced from each (NEIGHBOR),
The majority-rule consensus tree (CONSENSE) was identical to the parsimony tree, and the nodes were supported at similarly high levels (data not shown). Lake's ( 1987) method of linear invariants, which uses a restricted subset of transversional differences, also supports the placement of Scaptodrosophila with the mainland Drosophila species (subgenera Drosophila and Sophophora), rather than with the Hawaiian flies (both Idiomyia and Scaptomyza/ Engiscaptornyza) (P < 0.0 1).
Times of Divergence
Pairwise distances were calculated for synonymous positions, by the method of Li et al. ( 1985 ) (table 3 ) . Rowan and Hunt's ( 199 1) molecular-clock calibration value of 0.0 15 substitutions/ nucleotide/Myr for synonymous positions was used to place a time scale on the divergences shown in figure 3 . This value was estimated from pairwise divergences among four species of the planitibia subgroup of the Hawaiian picture-winged Drosophila, for which the times of origin can be assumed to be near the age of the islands on which they are endemic. Because of their similarity in base composition at synonymous sites, we do not expect the divergence times of the Hawaiian species to be much affected by this factor. It is more likely to be important in estimating divergence times between the Hawaiian species and the other taxa, though the direction and magnitude of the effect depends on substitution processes about which very little is known (Thomas and Hunt 199 1). Evidence from Shields et al. ( 1988) indicates that for Adh the distances would be underestimated if their correlation of codon usage with synonymous rates is correct. There are a number of likely evolutionary processes that would result in these distance measures being underestimates, with the degree of bias being correlated with the length of the lineage (Gillespie 1986; Shoemaker and Fitch 1989) . Thus the divergence times for the more distant species are probably minimum estimates.
Discussion
Our results provide a robust phylogeny relating D. (Sophophora), D. (Drosophila), Idiomyia (Hawaiian Drosophila), and Scaptomyza/ Engiscaptomyza. This phylogeny is also corroborated by two other independent molecular data sets (Beverley and Wilson 1984, 1985 ; DeSalle 1992a) and by Throckmorton's ( 1975) interpretation of internal morphology. Grimaldi's ( 1990) cladistic analysis of adult morphology yields the same Drosophila Phylogeny 37 1 unrooted topology for the ingroup taxa; the difference lies in the rooting of these taxa. The Adh sequence data unambiguously place the outgroup taxon, Scaptodrosophila, between D. (Sophophora) and D. (Drosophila). A variety of analyses that make different assumptions about substitution processes all yield the same result-and with high degrees of confidence, where it is possible to estimate confidence intervals. Both relativerate tests ( Sarich and Wilson 1967) and a maximum-likelihood test (Felsenstein 199 1) of a molecular clock show very little or no heterogeneity of evolutionary rate over this tree ( fig. 3) . Rooting the ingroup taxa between Idiomyia (Hawaiian Drosophila) and Scaptomyza, as hypothesized by Grimaldi ( 1990) ) would require us to postulate large rate differences for which we have no evidence.
Two additional molecular data sets-larval hemolymph protein immunological distances (Beverley and Wilson 1984, 1985) and mitochondrial DNA sequences (DeSalle 1992a)-result in topologies that are consistent with that produced from Adh sequence data. Throckmorton's ( 1962 Throckmorton's ( , 1966 Throckmorton's ( , 1968 Throckmorton's ( , 1975 work is more difficult to assess, because, as Grimaldi ( 1990) Throckmorton ( 1975) and Grimaldi ( 1990) shows the large numbers of drosophilid taxa that are not included in our analysis. It may well be that the similarity of our results to those of Throckmorton ( 1975) is an effect of our sampling of taxa. Late in the writing of the present paper another drosophilid Adh sequence appeared in the literature (Maruyama and Hart1 199 1 ), from Zaprionus tuberculatus, a member of what Throckmorton ( 1975) calls the "immigrans-Hirtodrosophila radiation," which in his view also contains the Idiomyia and Scaptomyza. Both Throckmorton ( 1975) and Grimaldi ( 1990) would place Zaprionus on the internal branch between the Hawaiian taxa and the mainland taxa ( fig. 1) . Maximum-parsimony and neighbor-joining analyses of the Adh data, performed as above, consistently place Zaprionus on the internal branch between the subgenera Sophophora and Drosophila ( fig. 3 ), though not with overwhelming bootstrap support. The base composition of Zaprionus is not significantly different (P > 0.01) from that of the Sophophora species. DeSalle's ( 1992a) analysis of mitochondrial sequence data places Zaprionus on the branch between Scaptodrosophila and Sophophora. Thus, in neither molecular analysis does Zaprionus group with the Hawaiian taxa, in opposition to the results from morphology.
Times of divergence of lineages estimated from the Adh data (Rowan and Hunt 199 1; Thomas and Hunt 199 1) are consistent with available biogeographic and fossil data. Grimaldi ( 1987) has described a Scaptomyza species from Dominican amber that is thought to date from the early Miocene ( =24 Mya). Our estimation that the split between the Scaptomyza/Engiscaptomyza lineage and the lineage giving rise to Idiomyia (Hawaiian Drosophila) occurred ~27 Mya corresponds well with this fossil date. The estimation that the split between D. (Engiscaptomyza) crasszjemur and Scaptomyza albovittata occurred = ld Mya is intriguing because these Hawaiian taxa appear at opposite extremes of the adult morphology-based cladogram (Grimaldi 1990 ) for "scaptomyzoid" species (sensu Kaneshiro 1976) . As a result of the similarity in estimated times for the apparent diversification of the Idiomyia and "scaptomyzoid" lineages, we tentatively prefer the explanation that would have these lineages each arriving separately on the Hawaiian archipelago some 10 Mya (Thomas and Hunt 199 1) . Alternatively, and cladistically more parsimoniously, our data could be said 372 Thomas and Hunt to support a single introduction to Hawaii >27 Mya, on the assumption that habitable islands have existed continuously for that length of time, a situation that is by no means clear. There is evidence from bathymetry and projection (H. L. Carson, personal communication) that supports the status of Necker and Nihoa as high islands from -1OMyaand -7 Mya, respectively. It will be necessary to determine Adh sequences from mainland Scaptomyza and related taxa such as Grimshawomyia, to test Throckmorton's ( 1975 ) conjecture that Scaptomyza evolved in Hawaii and spread from there to the rest of the world. This work is in progress.
In our opinion the sum of data from morphological and molecular sources is not yet adequate to produce a reliable classification of this complex group. Our data do show that Grimaldi's ( 1990) classification of the taxa discussed in the present paper is paraphyletic, just as is the traditional classification (Wheeler 198 1) under Throckmorton's ( 1975 ) interpretation of relationships.
The available data provide a robust set of relationships among the taxa examined here, which may be of some comfort to nonsystematists.
Additional Adh sequences are needed from a wide range of subgenusDrosophila species, from mainland Scaptomyza, and particularly from representatives of the mycophagous genera with which Grimaldi's ( 1990) analysis allies Zdiomyia (Hawaiian Drosophila). Sequence data from additional nuclear and mitochondrial loci will likewise be very useful.
The interesting problem of determining the processes responsible for the disparity between the adult-morphology results and the molecular results awaits further work. If our view of these taxa is correct, then we have to explain the apparent reversals to primitive states for several characters of adult morphology in the Zdiomyia (Hawaiian Drosophila) and Scaptomyza/ Engiscaptomyza. These characters mostly involve the head, such as the eye setulae, vibrissae, lacinia, cibarium, and, mostly strikingly of all to our vertebrate eyes, the facial carina. Conversely, if we are wrong, we must explain, at the least, a substantial number of character reversals and homoplasies on the molecular level, in three independent data sets. The Drosophilidae provide us with the first group for which we may have the tools-molecular, genetic, and developmentalto answer such questions ( DeSalle and Grimaldi 199 1) .
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